T uberculosis (TB) remains one of the most infectious and deadly diseases worldwide and has significant medical, social, and economic impacts. The Mycobacterium bovis BCG (bacillus Calmette-Guérin) vaccine was first used in humans in 1921, while the first effective anti-TB drug, isoniazid, was developed in 1952 (1) . The incidence of TB has declined with the worldwide distribution of the BCG vaccine and improving living conditions (2); however, the protective effect of the vaccine remains controversial. The likely factors influencing the degree of disease variation, including host and environmental factors, and/or mycobacterial traits are largely unknown (3) . There are several lines of evidence that indicate that genetic variation in Mycobacterium tuberculosis contributes to the ambiguities concerning disease presentation, frequency of transmission, BCG vaccine response, and treatment outcome (4) (5) (6) . Host factors, immune status, nutrition, and genetic polymorphisms are known to affect BCG vaccine efficacy (7, 8) . The protective effect of the Glaxo freeze-dried BCG vaccine was more than 75% in the United Kingdom but displayed low efficiency in Malawi (8) . Genetic evolution trees of humans and M. tuberculosis strongly indicate an adaptation of TB bacteria to the changing human population (3) . Improving TB control requires a better understanding of the impact of the environment on the interaction between the pathogen and its host. Like other high-TB-burden countries, Thailand has officially included the BCG vaccine in the national vaccination program since 1977. However, the production of BCG vaccine was started and held in a smallscale setting in 1953 by the Queen Saovabha Memorial Institute (QSMI). In 1987, the BCG vaccine strain in Thailand was changed from a Danish strain to a Tokyo strain, and the dose was also changed from two doses to one dose at birth; 100% coverage of BCG vaccination in Thailand was achieved in 1990 (9, 10) . Although the BCG vaccine appears to provide a high level of protection against tuberculous meningitis and disseminated TB in children, Beijing (BJ) strains have been reported as the most common genotype causing both pulmonary tuberculosis (PTB) and tuberculous meningitis in Thailand (6, 11, 12) . Therefore, BJ strains might be postulated to represent one of the most common Thaiadapted genotypes in the mass vaccination environment.
Several different molecular typing methods have been used to study genetic diversity within M. tuberculosis complex (MTBC) clinical isolates. Because MTBC isolates contain less genetic diversity than many other bacteria, molecular markers that reveal individual and group differences of the strains under investigation have to be selected according to the study purpose. The unique rate of change of each marker is an important factor in marker selection. Repetitive sequences evolve more quickly than single nucleotide polymorphisms (SNPs) and large-sequence polymorphisms. Therefore, evolutionary studies do not commonly use repetitive sequences. The unique polymorphic properties of SNPs are a valuable measurement for categorizing M. tuberculosis clinical isolates into genetically related groups. Recently, we developed a high-throughput DNA chip that provides genotyping results congruent with corresponding phylogenies inferred from large-sequence polymorphisms, spoligotyping, mycobacterial interspersed repetitive-unit-variable-number tandem repeat analysis based on 12 loci, principal genetic groups based on katG463-gyrA95 polymorphisms, and another SNP set (13, 14) . In particular, M. tuberculosis snip cluster group 1 (SCG1) and SCG2 strains were completely comparable to East African-Indian (EAI)/ Indo-Oceanic and BJ/East Asia genotypes, respectively (14) . Interestingly, neutral genetic variations across modern M. tuberculosis populations are categorized into different groups based on spoligotype, IS6110 sequence, or mycobacterial interspersed repetitive-unit-variable-number tandem repeat typing, in which outlier genetic diversity is commonly caused by genetic convergence.
In Asian countries such as China (15) , Myanmar (16), Japan (17), South Korea (18), Taiwan (19) , Thailand (6, 11, 12) , and Vietnam (20, 21) , M. tuberculosis strains belonging to the BJ and EAI genotypes are predominant. In Europe and America, M. tuberculosis Haarlem (H), S, X, T, and Latin American and Mediterranean (LAM) genotypes, alternatively known as the Euro-American lineage, have been predominantly isolated from TB-positive patients. In addition, evolution and phylogeography studies indicate that EAI strains represent the ancestral M. tuberculosis genotypes and are linked to ancestral African predecessors (3). For BJ genotype strains, several human-mycobacterial coevolution studies have provided evidence of BCG vaccine impact on the selection of M. tuberculosis isolates (22) . Differential protein expression of the BJ genotype contributes to heterogeneous immune responses (23) . In countries where BCG vaccination is uncommon, such as Ethiopia, the genetic diversity of M. tuberculosis strains is higher than in countries where it is common, such as Tunisia. It is therefore likely that selection of M. tuberculosis strains resistant to BCG vaccine-induced immunity has occurred (24) .
This study aimed to assess the genetic diversity and dynamicity of the M. tuberculosis population in different age groups of patients in Thailand using the aforementioned high-throughput DNA chip, which is based on the DigiTag2 platform (13) . The results provide useful, up-to-date epidemiological data on tuberculosis and may be able to help predict future trends in the prevalence of certain genotypes.
MATERIALS AND METHODS
Study population and patient data. A total of 1,414 culture-positive M. tuberculosis isolates from 1,282 PTB and 132 extrapulmonary TB (EPTB) patients in Thailand were characterized in this study (Table 1) . PTB is defined as a case of TB in which the patient has disease only in the lungs, whereas in EPTB cases, the disease involves at least one nonpulmonary site. All isolates causing PTB and two causing EPTB (one from a patient with lymph node infection and one from a patient with TB pleurisy) were obtained from 13 hospitals covering 13 of 18 districts in Chiang Rai Province, Thailand, from 1998 to 2011. To increase the number of isolates associated with cases of EPTB, which are extremely rare, an additional 130 previously collected M. tuberculosis isolates from cases of meningitis, collected from 1995 to 2008, were retrieved from the Molecular Mycology and Mycobacteriology Laboratory (Drug-Resistant Tuberculosis Research Fund), Department of Microbiology, Faculty of Medicine, Siriraj Hospital, Mahidol University, Thailand, and included in this study (6, 11) . Demographic data, including age and human immunodeficiency virus (HIV) status, were collected by physicians and trained medical staff. For determining the changing prevalence of M. tuberculosis genotypes across the patients from the pre-and post-BCG vaccine era, the genotype of 396 M. tuberculosis isolates from PTB patients who were born prior to 1953 and of 873 isolates from PTB patients born postintroduction of the BCG vaccine were recruited. Because approximately 70% of EPTB patients were of unknown HIV status, only the genotypes of the 1,269 isolates from PTB patients with HIV-negative status who were 15 to 65 years old were analyzed. Isolates from patients in this group who were born before and after 1953 were analyzed in parallel. The ethical and scientific committees of the Faculty of Medicine, Siriraj Hospital, Mahidol University, approved the study protocols (EC no. 759/2551 and EC no. 604/ 2555).
SNP genotyping. The sequence types (STs) and SCGs of all M. tuberculosis isolates were determined using the MTBC-targeting DigiTag2 assay, based on 51 highly informative SNPs (13, 14) . The first four SNPs were used to screen MTBC species. The next 47 SNPs were chosen for genotyping M. tuberculosis isolates, with 2 SNP positions for determina- In addition, the polymorphisms at nucleotide 4280708 are the same as the absence or presence of RD105 and were used to define the BJ genotype (13) . The SNP at position 1477598 is the same as the ogt12 polymorphism and was used to classify the ancestral and modern BJ genotypes (26) . The perfect concordance of the evolutionary events between either SNP 797736 or SNP 2825581 and the RD181 marker was also used to subdivide the ancestral BJ genotype into early and late genotypes (27) . Genomic DNA from all M. tuberculosis isolates was extracted using the cetyltrimethylammonium bromide (CTAB) method (28) . PCRs (10 l) contained 20 to 40 ng of bacterial DNA, 25 nM each primer, and 1ϫ KAPA2G Robust HotStart Ready Mix with dye (Kapa Biosystems, Woburn, MA, USA). Two-step multiplex PCR for increasing target SNPs was performed for 15 min at 95°C, followed by 40 cycles of 95°C for 90 s and 68°C for 2 min using a TGradient thermal cycler (Biometra, Göttin-gen, Germany). In the ligation reaction, the perfect-match 3= querycD1s probes were first phosphorylated at 37°C for 30 min and then incubated at 95°C for 3 min in a phosphorylation mixture containing 1ϫ protruding-end kinase buffer, 30 mM ATP, 40 U of polynucleotide kinase, and 1 M each 3= query probe (Kination kit, Toyobo, Osaka, Japan) using a TGradient thermal cycler (Biometra). Next, 100 nM mismatch-induced 5= query cEDs probes were mixed with 100 nM phosphorylated perfectmatch 3= query cD1s probes for the encoding reaction. The encoding mixture, containing 1 l of multiplex PCR product, 50 nM each 5= query cED and 3= query cD1s probe mixture, 1ϫ Taq DNA ligase reaction buffer, and 10 U of T4 DNA ligase (New England BioLabs, Beverly, MA, USA), was incubated at 95°C for 5 min and at 59°C for 15 min and then held at 10°C using a TGradient thermal cycler (Biometra). For the labeling reaction, the mixture (12-l total volume) contained 6 l of ligation product, 3 nM each D1s primer, 0.5 M (each)Alexa 647-ED-2 and Alexa 555-ED-1 primer, 1.5ϫ KAPA2G Fast buffer, 4.5 mM Mg 2ϩ , 0.2 mM (each) deoxynucleoside triphosphate (dNTP), and 0.4 U of KAPA2G Fast HotStart DNA polymerase (Kapa Biosystems). The reaction mixture was cycled for 15 min at 95°C for the initial denaturation step, followed by 30 cycles of 95°C for 1 min, 55°C for 6 min, and 72°C for 30 s, before being held at 10°C using a TGradient thermal cycler (Biometra) (13) . To define the SNP sequence type of each position on a DNA microarray, fluorescent signal intensities were evaluated using SNPStar software (version 0.0.0.8; Olympus, Tokyo, Japan). The SNP profiles indicating either the ST or SCG were compared with previous data (14, 26, 29) . When necessary, the novel STs were confirmed by direct sequencing along with previous spoligotyping results (N. Smittipat, personal communication).
Statistical analysis. Descriptive statistics of patient clinical and demographic data, including patient age, HIV status, and disease phenotypes, are presented as the number, percentage, or median, as appropriate. The association between bacterial genotypes among the PTB and EPTB groups was evaluated using a chi-square test. A P value of Յ0.05 was considered statistically significant. Associations between the bacterial genotypes and pre-and post-BCG vaccination eras among all TB cases were determined by calculating the odds ratio with 95% confidence intervals (CI).
RESULTS
Genetic diversity of the studied M. tuberculosis PTB-and EPTBcausing strains based on SNP typing. The age of the PTB and EPTB patients ranged from 9 to 104 years (median, 45 years) and from 3 months to 83 years (median, 33 years), respectively. The HIV status was known in most of the PTB cases (n ϭ 1,264). Unfortunately, for approximately 70% of the EPTB cases (n ϭ 93), the HIV status was unknown (Table 1) . Based on comparison with the global collection of M. tuberculosis strains, the 1,414 clinical M. tuberculosis isolates were classified into eight SCGs: including SCG1 (39.4%), -2 (44.1%), -3a (1.6%), -3b (1.6%), -3c (0.1%), -4 (0.1%), -5 (11.8%), and -6a (0.6%). Among this collection, we found 28 STs, including nine novel STs (named STTh1 to STTh9) ( Table 2) . Interestingly, the incidence of SCG3a (1.7%) was higher than that of SCG3b (1.5%) among PTB patients while SCG3a was not found among the EPTB patients, and SCG3b was detected in a higher percentage of samples (3.0%). The population size may affect this finding, as well as the greater variation observed in M. tuberculosis genotypes of the PTB patients (27 STs) than in the EPTB patients (13 STs). STF was not identified in PTB patients but was found in EPTB patients. Conversely, STTh1 to STTh9 and STs 3, 9, 11, 21, 25, and 41 were detected only in PTB patients. However, the prevalence trend of M. tuberculosis infections causing PTB and EPTB in this study displayed no significant association between the site of disease and the SCG of the infecting bacterial isolate (P ϭ 0.07).
Interestingly, our results revealed that in Thailand, M. tuberculosis SCG2 accounted for a large proportion of the strains and also displayed the highest genetic diversity (13 STs). There was a preferential expansion of modern ST10 (15.6%) and ancestral ST19 (13.1%) strains of the BJ genotype, which indicates either good adaptation or high efficiency of transmission. The few predominant M. tuberculosis subtypes in this population indicate that the Thai-adapted M. tuberculosis genotypes have a selective advantage. Moreover, 13 isolates from PTB patients were heterozygous mixed-strain M. tuberculosis infections that included ST15 plus ST3 (1 isolate), ST15 plus ST10 (2 isolates), ST15 plus ST19 (1 isolate), ST15 plus ST18 (1 isolate), ST15 plus ST24 (2 isolates), ST10 plus ST24 (1 isolate), ST19 plus ST24 (1 isolate), ST25 plus ST24 (2 isolates), and ST18 plus ST19 (2 isolates). These findings were very similar to the spoligotyping results (data not shown).
Dynamic change in M. tuberculosis genotypes between different patient age groups. To clarify whether M. tuberculosis coadapted with its host to cause disease, the distribution of bacterial genotypes within the different patient age groups was determined. Patient ages were obtained from hospital registration records. We divided the subjects into eight age groups in 10-year intervals to determine the dominant M. tuberculosis genotype for each age group. Mixed-genotype strains were excluded because of ambiguity between true mixed infection and DNA contamination during processing. The results revealed that all M. tuberculosis genotypes were distributed evenly within both patient groups (PTB and EPTB) but that the predominant strains within these populations differed between the age groups (Fig. 1) . Among the 1,269 PTB patients, M. tuberculosis SCG1 was predominant in elderly patients, including patients aged 51 to 60 (46.4%), 61 to 70 (56.1%), 71 to 80 (53.7%), and Ͼ80 years (78.3%). Conversely, the most common M. tuberculosis genotype from samples collected from younger patients, including patients aged Ͻ10 years (75.0%), 11 to 20 (65.1%), 21 to 30 (57.1%), 31 to 40 (43.9%), and 41 to 50 years (42.7%), was SCG2. In addition, M. tuberculosis SCG5 was significantly more common in young patients than in elderly patients. Although there were fewer cases of EPTB (n ϭ 132), the prevalence still clearly displayed an infection trend of M. tuberculosis SCG1 in elderly patients and SCG2 in younger patient groups.
There is some evidence of disruption of sympatric host-pathogen coevolution by HIV infection (30) . The dynamic distribution of M. tuberculosis genotypes among different age groups of the HIV-negative PTB patients indicated the presence of clonal selection among patient age groups (Fig. 1b) . HIV infection has fre-quently been reported to be a risk factor for manifestation of EPTB (31) . Our data strongly agreed with these previous findings, with 36/39 EPTB patients being HIV positive (Table 1) . Unfortunately, the bacterial genotype data across different age groups of HIVnegative EPTB patients could not be determined in this study (Fig. 1b) .
Frequency distribution of circulating M. tuberculosis strains in Thailand. The most prevalent genotypes were SCG1, -2, and -5 among PTB cases (Table 3 ). While the rare M. tuberculosis genotypes SCG3a, -3b, -3c, -4, and -6a were found among isolates examined in the current study, they were statistically analyzed as "other" genotypes for the main trait. The frequency of distribution of bacterial genotypes of strains isolated from different age groups was significantly different between these populations (P Ͻ 0.01). Interestingly, a decrease in the prevalence of SCG1 was significantly associated with patients who were born in the post-BCG vaccination environment. On the other hand, statistical analysis revealed an increasing number of patients harboring M. tuberculosis SCG2 and -5 in the postvaccination population. We attempted to reduce the possible risk factors of human hosts by adjusting the results of M. tuberculosis genotyping by the selective force of BCG vaccination for adult PTB patients who were 15 to 65 years old and HIV negative. Within the PTB patient group, there were changing dynamics in the prevalence of M. tuberculosis genotypes SCG1, -2, and -5 between the two groups (pre-BCG vaccine, n ϭ 181 isolates; and post-BCG vaccine, n ϭ 662 isolates) ( Table 3 ). There was a negative correlation between patients who were born in the post-BCG vaccine era and M. tuberculosis SCG1 though there was a positive association with SCG2 and SCG5.
DISCUSSION
Our results provide up-to-date information on the genotypes of circulating M. tuberculosis strains after the first introduction of the BCG vaccine in Thailand in 1953. Several previous studies indicated the possible association between genotype and clinical expression; however, the small sample sizes of these studies meant that the results were unreliable (12, 32, 33) . In this study, SNPbased genetic variation of circulating M. tuberculosis isolates was investigated by examining a large number of M. tuberculosis isolates from patients with PTB and EPTB in Thailand. All isolates were collected from individual patients, and probable outbreak cases were ruled out. A previous study on TB meningitis by our group provided data similar to the data from the current study in a The dot indicates that the nucleotide is identical to that in the reference sequence.
regard to the most prevalent M. tuberculosis genotypes (BJ strains, 56%; EAI, 31%; T, 10%; and H, 3%) (6, 11) . Even with the addition of the PTB cases, both the BJ and EAI genotypes, which are classified as SCG2 and SCG1, respectively, were still found to be the endemic genotypes causing TB in Thailand (6, 11, 12, (34) (35) (36) . The prevalences of each genotype did not differ significantly between the PTB and EPTB cases in our study. Studies from Madagascar (37) and Brazil (38) using both PTB and EPTB cases also implied that host or environmental factors, rather than bacterial lineages, have an impact on disease phenotypes. In our study, there was no significant difference in the association between the genotypes of M. tuberculosis strains and the locations from which the strains were collected. However, the high prevalence of the EAI genotype in PTB patients (48.4%, n ϭ 150) might be caused by the migratory habits of people living in Chiang Rai Province, where there is a border between Thailand and Myanmar (16) . The presence of the largest cluster, M. tuberculosis ST15 belonging to SCG1, could be caused by the low discriminatory power of the selected markers or by special characteristics of this ST when it is the cause of PTB in Thailand. As described previously by spoligotyping analysis, SCG1 strains are subdivided into many different genotypes (14) . To better classify SCG1 strains, other highly informative SNPs or markers should be developed. In addition, in this study, it was not clear if the mixed M. tuberculosis infections evident from DNA samples were caused by contamination, mixed infection, or coevolution in the host. Our results based on the developed DNA chip revealed evidence of mixed DNA in an individual sample by displaying heterogeneous results. The predominant genotype in the current populations was SCG2, followed by SCG1 and SCG5, which frequently display higher transmissibility and virulence than other genotypes (22, 29) . In other high-BJ-burden countries, such as China, a high prevalence of modern BJ strains has also been reported; however, in other countries, such as Japan and South Korea, more strains from ancestral BJ genotypes (ST3 and ST19 in Japan and ST11 or ST26 in South Korea) have been found. Modern BJ genotypes (ST10 and ST22) are also predominant in Taiwan and Peru (17, 18, 29) . The close historical relationship between China (39) and Japan (17) might be responsible for the BJ sublineages in Thailand. The most frequently identified strains in Taiwan were similar to predominant BJ subtypes in our populations, including ST10 (35.42%), ST19 (29.65%), and ST22 (13.46%) (40) . Advanced means of global travel could affect the spread of infectious strains among countries, and bacterial adaptation raises concern over transnational transmission. BCG mass vaccination and the high prevalence of BJ genotypes in Southeast Asia support the hypothesis of BCG vaccine subtype selection being responsible for limiting the dynamic distribution of BJ genotypes (41) .
Differences in the distribution of M. tuberculosis genotypes across patient generations were observed in our study. Using different molecular markers and population age groupings, previous observations from countries where vaccination is required, including Thailand (12, 35) , Vietnam (20, 21, 42) , Taiwan (19) , and China (15) , have also revealed a higher frequency of M. tuberculosis genotype SCG2 strains causing TB in younger patients than in elderly patients. The association trend between EAI lineage strains (SCG1) and older patient age has also been reported in neighboring countries, including Vietnam (42) . These results imply that BJ strains take the place of the EAI genotype in the current population. The differences in the percentages of particular bacterial genotypes across patient generations make it difficult to specify the roles of adaptation factors in this distribution. It is becoming increasingly accepted that the differential protein expression of bacterial genotypes could contribute to heterogeneous immune responses. The unique protein expression profile of the BJ genotype that affects immune suppression or modulation of the host may result in differences in BCG vaccine protection ability (23) . Age of the patient and level of immunity at the time of bacterial reactivation and the degree of transmissibility could be emphasized. Our study was inconclusive in regard to the periods of infected individuals. Age at onset of disease was also not significantly associated with the duration of TB infection. The impacts of genotype-togenotype variation, host immune response, and host susceptibility on the onset of the disease are largely unknown. However, based on our findings in PTB patients, it can be presumed that HIV coinfection probably interferes with this sympatric relationship (Fig. 1b) . Further studies using a larger sample size and including data on host social behavior and demographic factors are needed to confirm the results of this pilot study.
According to several human-mycobacterial coevolution studies, there is evidence of the vaccination having an impact on the selection of M. tuberculosis genotypes (22) . Most of the elderly patients included in the current study were born prior to the introduction of the BCG vaccine in Thailand in 1953. The particular M. tuberculosis genotypes of strains isolated from the younger patients were dynamic in terms of dominance. We hypothesized that BCG vaccine distribution accidentally introduced selective pressure into the M. tuberculosis population in Thailand. We identified an association between M. tuberculosis SCG and the clinical phenotype in all patients, regardless of whether they had exposure to the prevaccine environment. The results of the current study highlight the genetic diversity of cultured M. tuberculosis strains in Thailand. The data revealed that the majority of isolates were classified as genotypes SCG2 and SCG1, belonging to the BJ and EAI genotypes. An increase in the prevalence of M. tuberculosis SCG2 and SCG5 isolates was observed in patients who were born post-BCG vaccine implementation. These results indicate an ongoing transmission of these genotypes in the younger generation. Conversely, SCG1 genotype strains tended to cause disease in patients who were born prior to 1953. The presence of transmission dynamics among patients who were born during the BCG vaccination era indicates that mass BCG vaccination might be one of the selective factors that have driven the spread of the M. tuberculosis BJ genotype in Thailand. These epidemiological data on the currently circulating strains of M. tuberculosis could assist in the selection of appropriate vaccine strains in the future. Whether these strains are associated with BCG vaccination requires further study. In addition, further extended studies on successful BJ strains in vaccination countries are needed.
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